INTRODUCTION
Intracranial vertebral artery dissecting aneurysms (VADAns) are rare, with an incidence of 0.001% to 0.0015% in the general population 23, 24) . VADAns account for approximately 3% of all spontaneous subarachnoid hemorrhages (SAH) 16, 29) . Ruptured VADAns are associated with dismal clinical outcomes with rebleeding rates as high as 71.4% and mortality rates of 46.7% following rebleeding 21) . Patients are especially likely to present with rebleeding in the first 24 hours, and there is a high risk of rebleeding within the first week after the initial ictus if patients remain untreated. Therefore, the early treatment of VADAns with concurrent SAH is imperative to the improvement of clini-VA. Moreover, because the operative corridor of this area is narrow and deep, there are considerable operative risks that often result in incomplete trapping and revascularization failure when attempting bypass surgery 3) . Endovascular treatment (EVT) as a means of proximal occlusion or trapping of the VA is being used more frequently as the first-line treatment for VADAns due to several advantages, including easy accessibility, relatively minimal invasiveness, and rapid treatment transition following diagnostic angiography 9) . Although these treatments are effective and safe with a low risk of complications, they still have ischemic risks comparable to surgical measures. Nevertheless, recent attempts to use stent-assisted coil embolization and stent-only techniques with advanced intracranial stents produced satisfactory results, including both the safe obliteration of dissected aneurysms and the preservation of VA and posterior inferior cerebellar artery (PICA) patency. However, there is still an insufficient understanding of EVT for treating VADAns, especially those with accompanying PICA involvement, bilateral presentation, and VA dominance. The present study aimed to establish an endovascular therapeutic strategy relevant to the angioarchitecture of VADAns that cause subarachnoid hemorrhages.
MATERIALS AND METHODS
From June 2006 to December 2013, 725 patients with spontaneously ruptured intracranial aneurysms were surgically or endovascularly treated at our institution. Of these patients, 23 had ruptured VADAns and enrolled in our study. SAH was confirmed by computed tomography (CT) scans, and contrast-enhanced three-dimensional CT angiography (3D-CTA) was performed to assess cerebral vasculature anomalies. This retrospective analysis included 9 men and 14 women whose age ranged from 39 to 72 years (mean 54.2 years). Two female patients had bilateral VADAns, one of which eventually resulted in an SAH and the other of which required a staged subsequent EVT due to the fear of a future rupture resulting from hemodynamic augmentation after occlusion of the ruptured VA. All patients were treated within the first day of hemorrhage. Presenting symptoms included headache and vomiting, decreased consciousness, and cranial nerve palsy. Two patients experienced cardiopulmonary arrest after their clinical deterioration. The clinical status of the patients at admission was recorded according to the Hunt-Hess grading (HHG) system, and the Fisher grading (FG) system was used to evaluate the amount of blood on CT. All patients underwent 4-vessel digital subtraction angiography (DSA). The diagnosis of dissection was based on classical angiographic findings, such as fusiform dilatation, the "pearl and string" sign, subintimal flap, and irregular luminal stenosis.
We adopted EVT as the first-line treatment. The procedure performed depended on patient status, location of the dissection, composition of the related vessels, and collateral circulation. EVT was performed on the day of admission immediately after the diagnostic DSA. EVT was performed under general anesthesia in all patients except for one who required instantaneous sacrifice of the affected VA due to a worsening clinical status. The collateral circulation was evaluated based on an elaborate analysis of the arterial and venous anatomy. When the quality of the image was poor, a diagnostic DSA was performed again under general anesthesia prior to EVT. Electrolytically detachable coils (Target ® detachable coil, Boston Scientific, Fremont, CA, USA) were used for arterial occlusion. Stents (Neuroform, Boston Scientific, Fremont, CA, USA and Enterprise, Cordis Endovascular, Miami Lakes, FL, USA) were deployed when trapping of the VA would be expected to create an ischemic incident or when flow preservation of a neighboring PICA on the dissecting VA was necessary. Once the dissecting segment was secured, either with the deconstructive or reconstructive EVT, management for the SAH followed standard of care. Heparinization was discontinued immediately after EVT and anti-platelet agents were orally administered for 6 months after EVT when stents were used.
RESULTS
The clinical and radiological data from our 23 patients are summarized in Table 1 , 2. Ten patients (45%) had poor clinical grades (HHG IV or V) and 16 patients (70%) had intraventricular or intraparenchymal hemorrhages (FG IV). Four patients had ruptured aneurysms on the dominant side of the VA, whereas 2 patients had ruptured aneurysms on the non-dominant VA. The other 17 patients had even balanced VAs on DSA. Two patients had VADAns that extended up to the vertebrobasilar junction (VBJ). Fourteen aneurysms were located in a supra-PICA area, 1 in an infra-PICA area, 5 in a PICA-involved segment, and 3 in an irrelevant PICA area. Nine VADAns were on the right and 14 were on the left. Two female patients had bilateral VADAns. The diagnosis of dissection, based on classical angiographic findings, was recorded as fusiform dilatation in 5 patients, "pearl and string" sign in 14 patients, and irregular luminal stenosis in 4 patients. There were 6 patients with extracranial origins of the PICA (ECOPICA) lesions, and 1 patient exhibited a double origin of the PICA lesion.
Eighteen patients (78%) were treated with an internal trapping (partial or total) procedure using detachable coils, including 12 of 14 patients with supra-PICA lesions, 1 patient with an infra-PICA lesion, 1 of 3 patients with non-PICA lesions, and 4 of 5 patients with PICA-involved lesions. Two patients with PICAinvolved lesions had partial internal trapping of the ruptured VA segment with PICA preservation, and were treated with surgical trapping for the remaining dissected segment after occipital artery (OA)-PICA bypass surgery the following day. Two of the 5 patients with PICA-involved lesions were treated using a stent procedure, which included consecutive stent-assisted coiling and stent-assisted trapping. Seven patients (30%) had stent-supported endovascular procedures. One patient with a PICA-involved lesion had internal trapping of the ruptured segment of the VA under local anesthesia due to a poor clinical condition, therefore, the PICA origin could not be determined.
Three of the 4 patients with ruptured dissecting aneurysms on the dominant VA had stent-assisted coiling procedures to preserve the VA flow. One patient had ipsilateral VA trapping after an OA-PICA bypass to preserve the PICA flow because the contralateral VA was not severely hypoplastic. Ventricular or lumbar cerebrospinal fluid drainage occurred in 17 patients (74%) with acute hydrocephalus or thick intraventricular hematoma, and 2 patients (9%) required a permanent ventriculoperitoneal shunt for delayed communicating hydrocephalus.
Clinical outcomes were favorable for 15 of 23 patients (65%); 13 patients (17%) had good recovery, and 2 patients (4%) had moderate disability. Outcomes were unfavorable for 8 patients (35%); 4 patients (17%) had severe disability, 1 patient (4%) entered a persistent vegetative state, and 3 patients (13%) died. All 3 patient deaths could be attributed to the severity of the initial clinical status (HHG IV). The complete occlusion of the dissected arterial and aneurysm segment was achieved in 21 of 23 patients (91%). Two patients (1 with stent-assisted coiling and 1 with internal trapping) had near-complete occlusions on angiography, and one required additional endovascular coiling during the follow-up period.
There were 5 complications in our study : 2 patients developed rebleeding at the end of the coiling procedure, 1 patient developed symptomatic medullary infarction, and 2 patients experienced recanalization of the VADAn after the first EVT. Rebleeding during the endovascular procedure was managed with an additional compact coil insertion or rescue stent placement and reversal of the anticoagulant.
Illustrative cases

Case 1
A 52-year-old woman presented with decreased consciousness after a sudden headache and vomiting. A brain CT indicated a dense SAH and 3D-CTA revealed dilatation and narrowing of the left VA, indicating a possible dissection. An emergency cerebral DSA was conducted, and a vertebral angiogram (VAG) indicated that the left VA dissection produced multiple dilatations and stenosis (Fig. 1A, B) . Both VAs had similar diameters. The proximal VADAn included the origin of the PICA (Fig. 1C ) and the distal VADAn was hypothesized as the source of the SAH. Under general anesthesia, the ruptured distal VADAn was internally trapped (Fig. 1D, E) ; the proximal part of the VADAn was then surgically trapped after OA-PICA bypass surgery the next day (Fig. 1F, G) . A postoperative angiogram demonstrated a completely occluded VADAn and well-preserved PICA flow (Fig. 1H) . The patient recovered well with no neurologic deficits after 2 procedures.
Case 2
A 43-year-old woman had a sudden headache and vomiting. A brain CT indicated a dense SAH, and 3D-CTA revealed a dilatation and narrowing of the right VA, indicating a possible dissection. The diameters of both VAs were similar. The proximal VADAn included the origin of the PICA, and the central VADAn was hypothesized as the source of the SAH (Fig. 2A, B) . Under general anesthesia, the ruptured central VADAn was internally trapped; the proximal VADAn, including the PICA origin, then was managed with stent placement from the VA to the PICA (Fig. 2C) . After the stent insertion, tighter coil packing of the ruptured portion of the VADAn occurred. A postoperative VAG demonstrated a completely occluded VADAn and well-preserved PICA flow through the stent, and the patient recovered well with no neurologic deficits (Fig. 2D) . After 7 months, the VADAn recanalized. The recanalized VADAn was treated with additional coiling via the contralateral VA (Fig. 2E) . The final angiogram revealed a complete occlusion of the VADAn and patent PICA flow (Fig. 2F) .
Case 3
A 44-year-old woman presented with a sudden onset of headache, vomiting, and disturbance of consciousness. A brain CT revealed an SAH, and a 3D-CTA revealed bilateral VADAns (Fig. 3A) . The VAG demonstrated that both aneurysms were located distal to the PICA (Fig. 3B) , and the left VADAn had a bleb-like lesion, which was considered to be the source of the SAH (Fig. 3C) . The ruptured left VADAn was internally completely trapped with detachable coils (Fig. 3D, E) immediately. Staged intervention was performed 1 week later. In order to preserve the flow, the right VADAn was treated using an endovascular stent-within-a-stent construct with 2 self-expandable intracranial stents. Although the control angiography revealed that the stents failed to completely exclude the aneurysm, definite stagnation of the contrast inside the aneurysm was achieved (Fig. 3F, G) . The patient's postoperative course was uneventful, and she was discharged in excellent neurological condition ex- Recanalization during follow-up required additional endovascular treatment. OA : occipital artery, PICA : posterior inferior cerebellar artery, GR : good recovery, MD : moderate disability, SD : severe disability, PVS : persistent vegetative state cept for mild diplopia. A 6-month follow-up VAG demonstrated that the left VA remained occluded. The right VA was remodeled and reconstituted, and the blood flow was preserved normally (Fig. 3H ).
DISCUSSION
The undefined neck and fragile aneurysm wall of VADAns create an innate pathologic nature, including technical difficulties and risks of rupture when applying a microsurgical neck clip or performing endovascular coil embolization 33) . To prevent the ruptured VADAn from rebleeding, surgical or endovascular proximal occlusion and external or internal trapping are safe and effective management strategies. However, these destructive techniques increase the risk of ischemic complications resulting from occlusion of the VA, PICA, and perforating arteries, which have a significant impact on the clinical outcome 3) . Revascularization and reconstructive treatments, including bypass surgery, stent-assisted coiling, and multiple stenting are necessary to prevent and minimize ischemic complications. To achieve the best treatment results, which include complete obliteration and preserved blood flow patency, precise treatment planning should occur following careful inspection of angiographic architecture in each individual case. We considered the angioarchitecture of VADAns in relation to the PICA location, VA dominancy, and bilateral lesions, as described in Fig. 4 .
We designed the treatment strategy to preserve PICA flow patency if needed, because the PICA is the major artery supplying the posterior inferior cerebellar hemisphere, inferior portion of the vermis, and lower medulla. The VADAns were divided into 3 categories, according to the location of the VADAn from the origin of the PICA : supra-PICA, infra-PICA, and PICA-involved. Twelve of the 14 patients who had supra-PICA lesions with sufficient contralateral VA flow were treated with internal trapping, and the affected segments were successfully occluded. Anatomically, many perforators originate from the distal VA to the VBJ 18) . Therefore, longer sections of internal trapping in the distal VA segment were more prone to the fatal occlusion of perforators that supply the medulla oblongata 7, 30, 33) . However, we attempted to occlude the affected ruptured VADAn segments over as long a section as possible. Due to the underlying nature of dissection, we hypothesized that the actual dissected vessel wall may be longer than the angiographic feature, and that the complete occlusion of the dissected site could therefore prevent rebleeding. Fortunately, there was no medullary infarction or any ischemia resulting from the occlusion of the perforating arteries when trapping occurred in cases of supra-PICA lesions. Of the 12 cases where internal trapping was used, 1 case involved stent-assisted trapping. In this case, the dissected section was just distal to the PICA, so we decided to deploy the stent from the VA to the PICA in order to preserve PICA flow. Several authors have reported the efficacy and safety of VA-PICA stenting with no stent occlusion, and midterm follow-up angiography revealed that PICA flow was patent without stenosis or occlusion 4, 12) . There was only 1 infra-PICA VADAn case that was treated with internal trapping in this study. Similar to our results, other studies have found that infra-PICA lesions are relatively rare compared to supra-PICA lesions, and internal trapping has provided reliable management in cases with sufficient blood flow from the contralateral VA 9, 26, 33) . The treatment of PICA-involved VADAn remains difficult and controversial. Some authors argue that PICA occlusion does not result in severe disability, due to sufficient collaterals; however, the ideal treatment for a PICA-involved aneurysm is trapping and PICA reconstruction 30) . Therefore, endovascular segmental occlusion using coils, followed by PICA-to-PICA side anastomosis or OA-PICA revascularization, has been performed in many cases 5, 26, 30) . In our study, 2 patients had partial trapping using coils to reduce the rebleeding risk immediately after diagnostic angiography, which was followed by surgical trapping after the OA-PICA bypass.
We applied the stent-assisted technique, according to our extensive experience, to PICA-involved VADAns. Two stent-assisted coiling procedures and 1 stent-assisted trapping procedure were performed. The clinical outcomes were favorable for these patients, and postoperative angiography indicated complete occlusion. Stent-assisted coiling has several advantages : 1) maintaining the patency of the parent artery, and therefore preventing ischemic complications; 2) forming an aneurysmal neck, which allows coil placement; 3) altering hemodynamics and inducing thrombosis into the aneurysmal sac; and 4) attaching the intimal flap to the vessel wall and reducing the size of pseudoaneurysms 26, 31) . ECOPICAs, excluding the intradural origin of PICAs, have specific anatomical characteristics. Notably, the perforating arteries supplying the lateral surface of the brainstem originate from the VA not the PICA 20) . Consequently, there are risks of lateral medullary infarction as a result of internal trapping of the VA, even when the ECOPICA is preserved. In the present study, of the 6 VADAns with ECOPICAs, 5 were supra-PICA cases and 1 was a PICA-involved case. All lesions were treated with internal trapping. We had concerns regarding potential brainstem infarction, but these events did not occur. Although ECOPICAs were observed relatively often and had anatomical features that should be considered when treating VADAn, we did not find evidence that these features affected treatment or prognosis.
VA dominance is another important angiographic factor in treating VADAn. When the affected segment is on the dominant VA, trapping and proximal occlusion can cause fatal ischemia. Therefore, the treatment strategy should be planned to preserve VA and basilar artery patency during and after treatment. Theoretically, the balloon occlusion test (BOT) provides valuable information regarding collateral flows, but BOT is not always recommended during the acute bleeding stage 26) . We treated 3 cases with stent-assisted coiling for a total of 4 lesions of the dominant VA without BOT. All 3 VADAns were successfully occluded, and the dominant VA flows were preserved.
VADAns sometimes occur bilaterally 14, 25) . The known pathogenesis for bilateral presentation is spontaneous dissection, which involves pre-existing vessel wall defects that typically present with symmetric distribution 33) . These characteristics predispose the arteries to an increased risk of contralateral VADAn rupture via hemodynamic changes resulting from the occlusion of ipsilateral ruptured VA segments. We performed subsequent staged EVT on contralateral unruptured aneurysms as a strategy to avoid future rupture.
Although there was no angiographic result of VADAns that involved the anterior spinal artery (ASA) in this series, ASA is one of considerable anatomical factors in treating VADAns. The ASA arises from near the termination of VA bilaterally in 45.5%, and the bilateral ASAs joins together at a distance to the VBJ from 1.6 mm to 7.1 mm (mean 4.8 mm) 19) . It has a number of small perforating branches that supply the anterior surface of the medulla and anterior two thirds of the upper cervical cord 32) , and occlusion of the ASA results in infarction of medial or lateral part of medulla oblongata and spinal cord iscehmia 19) . Because of presence of anastomoses among the perforators of VA, PICA, ASA, and BA, occlusion does not always lead to ischemia of brain stem and spinal cord 10) . However we cannot sure that the frequency and the number of their anastomoses are sufficient enough to avoid ischemia, the result of occlusion is uncertain 19) . Therefore, in cases of VADAns associated with ASA involvement, proximal occlusion or multiple stenting are preferred to consider for preventing ischemia of brain stem and spinal cord.
Several potential technique related complications of EVT have been reported, including aneurysm rupture, VA branch occlusion, hemodynamic compromise of the vertebrobasilar system resulting from vertebral artery occlusion, and recanalization of occluded vessels 15, 27) . In the present study, rebleeding occurred in 2 patients during EVT. MacKay et al. 17) proposed that stentassisted coiling of the dissection might cause a dissection rupture or lead to recanalization if the coil migrates through the dissected vessel wall. Rebleeding during the endovascular procedure was successfully managed with additional compact coil insertion or rescue stent placement combined with a reversal of the anticoagulant. There were 5 complications recorded in this study : 2 patients developed rebleeding at the end of the coiling procedure, 1 patient developed symptomatic medullary infarction, and 2 patients experienced recanalization of the VADAn after the first EVT. Taha et al. 27) reported 8% recanalization during the perioperative period after complete internal trapping. Therefore, we propose that follow-up angiography is necessary during the perioperative period even when EVT is considered successful.
The prediction of patient outcomes following a ruptured VADAn is important because these events are associated with high morbidity and mortality. Previous studies have suggested the initial stroke severity, including National Institute of Health Stroke Scale score, and patient age as prognostic factors 2, 6) . In the present study, of the 10 patients with poor initial clinical grade (HHG IV or V), clinical outcomes were favorable in 3 patients (e.g., good recovery, moderate disability) and unfavorable in 7 patients (e.g., severe disability, persistent vegetative state, and death). Conversely, among the 16 patients with an initial FG IV, 8 patients (50%) experienced favorable clinical outcomes and 8 patients (50%) had unfavorable outcomes. Our findings therefore demonstrate that the initial clinical state is a good predictor of clinical outcome, and initial HHG scores are better predictors than FG scores.
This study does have some limitations. First, the size of the study population is relatively small. However, given that most of treatment options were used in this study and considering low incidence of the ruptured VADAn, this study could strengthen the fact of usefulness of EVTs for VADAns. Second, this study was a retrospective study in which the data were acquired through a retrospective chart review. Thus, it is thought that a prospective study using a larger number of patients will be necessary to determine the safety and effectiveness of EVTs for VADAns with the concept of prompt application of treatment.
CONCLUSION
Ruptured VADAns should be treated as soon as possible because of the high risk of rebleeding and mortality. EVT has been demonstrated as safe and effective for ruptured VADAns because of its easy accessibility, minimal invasiveness, and rapid treatment potential after diagnostic angiography. Recent advancements in stent-assisted techniques, including stent-assisted coiling, enable both destructive (internal trapping) and reconstructive (preservation of VA and PICA patency) treatments. The careful selection of an appropriate EVT technique following the meticulous inspection of the angioarchitecture, including the location of the PICA origin, VA dominancy, and bilateral lesions, is mandatory for successful treatment outcomes with low complication risks.
